DNA damage response (DDR) molecules are protective against genotoxic stresses. DDR molecules are also involved in the survival of cancer cells in patients undergoing anti-cancer therapies. Therefore, DDR molecules are potential markers of cancer progression in addition to being potential therapeutic targets. In this study, we evaluated the immunohistochemical expression of PARP1, γH2AX, BRCA1, and BRCA2 and their prognostic significance in 112 cases of soft tissue sarcoma (STS). The expression of PARP1, γH2AX, BRCA1, and BRCA2 were significantly associated with each other and were associated with higher tumor stage and presence of distant metastasis. The expression of PARP1, γH2AX, and BRCA2 were significantly associated with shorter disease-specific survival (DSS) and event-free survival (EFS) by univariate analysis. BRCA1 expression was associated with shorter DSS. Multivariate analysis revealed the expression of PARP1 and γH2AX to be independent indicators of poor prognosis of DSS and EFS. BRCA2 expression was an independent indicator of poor prognosis of DSS. In addition, the combined expressional patterns of PARP1, γH2AX, BRCA1, and BRCA2 (CSddrm) were independent prognostic predictors of DSS (P < 0.001) and EFS (P = 0.016). The ten-year DSS rate of the CSddrm-low, CSddrm-intermediate, and CSddrm-high subgroups were 81%, 26%, and 0%, respectively. In conclusion, this study demonstrates that the individual and combined expression patterns of the DDR molecules PARP1, γH2AX, BRCA1, and BRCA2 could be predictive of the prognosis of STS patients and suggests that controlling PLOS ONE |
Introduction
An early event in response to a DNA single stand break (SSB) is immediate binding of poly ADP-ribose polymerase 1 (PARP1) to the DNA break, which then recruits other DNA repair proteins [1, 2] . If the repair of a DNA SSB is unsuccessful and the damage progresses to a DNA double strand break (DSB), phosphorylated H2AX (γH2AX) and BRCA1/2 are then recruited to repair the DNA DSB [3] [4] [5] . Defects in DNA damage repair mechanisms result in genomic instability and accumulation of additional mutations [6] . Therefore, the expression of DNA damage response (DDR) molecules are believed to limit the development of cancer [6] . Mutations or defects in BRCA1/2 are closely related with early development of breast and ovarian carcinomas [7] [8] [9] . However, the concept of the tumor suppressive roles of DDR molecules has changed by engaging modern therapeutic modalities such as chemotherapeutic agents to induce DNA damage to promote apoptosis, and radiation therapy [1, 3, 4, 6] . DNA breaks induced by anti-cancer therapeutic modalities could be insufficient in inducing the death of tumor cells due to the repair function of DDR molecules [1, 3, 6] . In this context, the expression of DDR molecules during anti-cancer therapy could be associated with resistance to therapy [10] [11] [12] . Therefore, paradoxically, the expression of DDR molecules such as PARP1 and γH2AX could provide resistance to anti-cancer chemotherapy and radiation therapy, which induce cell death by causing DNA damage [4, 10, 11] . Moreover, it has been suggested that the expression of PARP1, γH2AX, BRCA1, and BRCA2 are closely associated with the progression of various human malignant tumors [3, 10, [13] [14] [15] [16] [17] [18] . The expression of PARP1 [14, 15, [17] [18] [19] [20] and γH2AX [13, 14, 21] were significantly associated with shorter survival of various human malignant tumors. It has been suggested that the expression of BRCA1/2 might also be related with chemoresistance and shorter survival of patients with breast carcinoma [14] and ovarian carcinoma [16] . Moreover, our previous study demonstrated that the combined expression pattern of PARP1, γH2AX, BRCA1, and BRCA2 is very helpful in the prediction of the prognosis of breast carcinoma [14] .
Based on the rationale that DDR molecules are involved in the progression of cancers and resistance to the anti-cancer treatments, it has been suggested that DDR molecules could be therapeutic targets of malignant tumors, and therapy targeting DDR molecules is under evaluation [6, 20, 22, 23] . Inhibition of PARP1 was applied to the treatment of cancer patients in conjunction with conventional therapy inducing DNA damage [24, 25] . Especially, when there are defects in DSB repair by mutation of BRCA1/2, inhibition of PARP1 results in un-repairable DNA DSBs and apoptosis of cancer cells [1, 3, 23, 26, 27] . Although there are controversies, chemotherapeutic effectiveness of PARP1 inhibitors have been assessed in BRCA-deficient breast carcinomas [23, 27] and ovarian carcinomas with a BRCA1/2 mutation [26] .
Soft tissue sarcomas (STSs) are not a common type of malignant tumor and approximately 50 new STSs develop per million people annually [28] . The five-year survival rates of STS of children is variable, being reported as 36.3% in India to 72.1% in Australia [9] . In addition, reliable therapeutic application for STS is limited and surgery remains the principal therapy [28] . Therefore, during the evaluation of possible therapeutic target of STSs, we previously reported that the expression of SIRT1, deleted in breast cancer 1, β-catenin, programed death 1, and PD-L1 were closely associated with progression of STSs [29, 30] . Recently, the possibility that PARP1 inhibitors could have therapeutic efficacy for STSs has been suggested. The PARP1 inhibitor, olaparib, inhibited the proliferation of malignant peripheral nerve sheath tumor cells [31] and another PARP1 inhibitor, rucaparib, induced apoptosis and inhibited the proliferation of rhabdomyosarcoma cells [32] . In Ewing sarcoma, an EWS-FLI1 fusion gene induced PARP1 expression and the fusion gene also induced DNA damage, which was potentiated by a PARP1 inhibitor [33] . However, a single administration of olaparib did not achieve a therapeutic response in 12 recurrent Ewing sarcoma patients [34, 35] . Therefore, combined use of PARP1 inhibitors and conventional genotoxic cancer therapeutic agents has been suggested for the treatment of malignant tumors. Especially, combined use of a PARP inhibitor and a DNA damaging agent was suggested as a treatment for Ewing sarcoma because Ewing sarcoma has defect in the DNA break repair system [36] . A recent report has shown that combined use of PARP inhibitors (niraparib, rucaparib, olaparib, BMN-673, talazoparib, or veliparib) and temozolomide inhibited proliferation and induced apoptosis of Ewing sarcoma cells [24, 37] . In an EWS-FLI1 fusion gene-positive xenograft model in mice, combined use of olaparib and temozolomide induced a complete response [33] . Therefore, based on the possibility that DDR molecules might be therapeutic targets of STS, this study examined the immunohistochemical expression of the DDR molecules PARP1, γH2AX, BRCA1, and BRCA2 in STSs, and evaluated the prognostic significance of their expression in STSs.
Materials and Methods Ethics
This study obtained institutional review board approval from Chonbuk National University Hospital and the requirement for informed consent was waived (IRB number, CUH 2013-07-036). All experiments were performed in accordance with relevant guidelines and regulations.
Patients and samples
Primary STSs from therapeutic surgical resections between July 1998 and January 2013 at Chonbuk National University Hospital, including 105 cases of STSs included in our previous studies were subjects of this study [29, 30] . Thereafter, cases for which original histologic slides and paraffin blocks were available were evaluated for this study. The original histologic slides were reviewed and classified according to the 2013 World Health Organization classification of tumors of soft tissue and bone [28] . Thereafter, 112 cases of STSs other than gastrointestinal stromal tumors, Kaposi's sarcomas, and atypical lipomatous tumors previously diagnosed as well-differentiated liposarcomas were included in this study. The histologic subtypes of STS included in this study are listed in Table 1 . In addition to the resection of primary lesion of STS, forty-five patients received adjuvant chemotherapy; forty patients received radiation therapy; eighteen patients received both adjuvant chemotherapy and radiation therapy; and fortyfive patients received no adjuvant treatment. Tumors were graded primarily according to the FNCLCC (French Fédération Nationale des Centres de Lutte Contre le Cancer) grading system [38] and WHO classification [28] . Tumor stage was based on the guidelines of the American Joint Committee on Cancer [39] . Clinical information was obtained by reviewing medical records. most representative solid area composed of intact tumor cells with the highest histological grade. The TMA tissue sections underwent antigen retrieval by placing in Dako Target Retrieval Solution (pH 6.0, DAKO, Glostrup, Denmark) for 20 minutes in a microwave oven and incubated with primary antibodies for PARP1 (1:100, Santa Cruz Biotechnology, Santa Cruz, CA, USA), γH2AX (Ser 139) (1:100, Cell Signaling Technology, Beverly, MA, USA), BRCA1 (1:100, Abcam, Cambridge, MA, USA), and BRCA2 (1:100, Abcam, Cambridge, MA, USA). Immunohistochemical staining slides were evaluated by three pathologists (JKY, PHS and KKM) by consensus under a multi-viewing microscope without information of the clinicopathological factors. Because the principal functions of PARP1, BRCA1, and BRCA2 are related with their nuclear expression and previous reports have shown that their expression in the nucleus was associated with tumor progression [14, 16, 40, 41] , we also evaluated the nuclear expression of PARP1, BRCA1, and BRCA2 in this study. Immunohistochemical expression of PARP1, BRCA1, and BRCA2 were evaluated by the sum of the staining intensity scores (0; no staining, 1; weak staining, 2; intermediate staining, and 3; strong staining) and the staining area scores (0; no staining cells, 1; 1% of the cells stained positive, 2; 2-10% of the cells stained positive, 3; 11-33% of the cells stained positive, 4; 34-66% of the cells stained positive, and 5; 67-100% of the cells stained positive) in each TMA core [14, 30, 42] . Thereafter, the score of two TMA cores from the same case were added and used for the analysis (sum score). The sum score ranged from zero to sixteen [14, 30] . To evaluate the immunohistochemical expression of γH2AX, the highest γH2AX-scoring areas were selected at low-power field and the number of γH2AX-positive tumor cells in five high-power fields (HFP, magnification; x400) were assessed in each TMA core. Thereafter, the final number of γH2AX-positive tumor cells in each case were obtained by adding the number of γH2AX-positive tumor cells from the two different TMA cores [14, 29, 43] . The diameter of the HPF was 0.55 mm and the area of one HPF was 0.238 mm 2 . 
Statistical analysis
Based on the immunohistochemical staining scores of the PARP1, γH2AX, BRCA1, and BRCA2 expression, the STSs were grouped as negative or positive for each stain. The cut-off points for the immunohistochemical staining scores of each marker were determined by receiver operating characteristic curve analysis. The points showing the highest area of under curve to estimate the death of patients were selected as the cut-off point for each marker. The endpoint of follow-up was the date of death of patients or the date of last contact through December 2013. The prognosis was evaluated by analyzing disease-specific survival (DSS) and event-free survival (EFS). The duration of DSS was calculated from the date of diagnosis to the date of death from STSs or the date of last contact. The patients who were alive at last contact or died from other causes were treated as censored. The duration of EFS was calculated from the date of diagnosis to the date of death from STS, the date of relapse, or the date of last contact. The patients who were alive without relapse at last contact or died from other causes were treated as censored for EFS analysis. Statistical analysis was performed using SPSS statistical software (IBM, version 20.0, CA, USA). The correlation between the clinicopathological factors that subjected in this study were evaluated by Pearson's chi-square test and the P values were adjusted by Bonferroni correction for multiple comparison. The univariate and multivariate Cox regression hazard analysis and Kaplan-Meier survival analysis were performed for the survival analysis. P-values less than 0.05 were considered to be statistically significant.
Results
The association between the clinicopathological variables of STSs and the expression of PARP1, γH2AX, BRCA1, and BRCA2
As we have shown in Fig 1, γH2AX is primarily expressed in the nuclei of tumor cells. However, although we evaluated the nuclear expression of PARP1, BRCA1, and BRCA2 based on the previous reports [14, 16, 40, 41] , the expression of PARP1, BRCA1, and BRCA2 are seen in both the cytoplasm and nuclei of tumor cells (Fig 1) . The cut-off points for the immunohistochemical staining scores for the nuclear expressions of PARP1, BRCA1, and BRCA2 were 10, 10, and 11, respectively (Fig 2) . Immunohistochemical stains were considered positive if scores were equal to or greater than 10 for PARP1 and BRCA1, and were considered positive if scores were equal to or greater than 11 for BRCA2. The cut-off point for the γH2AX immunohistochemical staining was three. Immunostaining for γH2AX was grouped as positive when there were more than three γH2AX-positive cells in 10 HPF from two TMA cores (Fig 2) . When using these cut-off values, 56% (63 of 112 of cases), 54% (61 of 112 of cases), 45% (50 of 112 of cases), and 51% (57 of 112 of cases) of STSs were grouped as positive for PARP1, γH2AX, BRCA1, and BRCA2 staining, respectively. The positivity of PARP1, γH2AX, BRCA1, and BRCA2 expression varied according to the histologic subtypes of STSs (Table 1) . In overall STSs, the expression of PARP1, γH2AX, and BRCA2 all correlated with aggressive tumor features, including advanced tumor stage and distant metastasis, while PARP1 and γH2AX correlated with poor histologic prognosticators, including higher histologic grade and increased mitotic count, as well as with expression of other DDR molecules (Table 2) .
PARP1, γH2AX, and BRCA2 (Fig 3) . The expression of PARP1 predicted a 5.021-fold greater risk of death and a 2.239-fold greater risk of death or relapse of STS patients. The patients having γH2AX-positive tumors had a 4.928-fold greater risk of death and γH2AX expression was significantly associated with shorter EFS. The expression of BRCA2 predicted shorter DSS and EFS. The expression of BRCA1 was associated with shorter DSS but not with shorter EFS (Table 3 ). Subsequently, we performed further survival analysis in the subpopulation of STS patients who received adjuvant chemotherapy or radiotherapy. The expression of PARP1, γH2AX, and BRCA2 were associated with shorter survival in both the subgroup of STS patients who received adjuvant chemotherapy and those that did not (Fig 4) . In addition, the expression of PARP1, γH2AX, and BRCA2 were associated with shorter survival in both the subgroup of patients who received adjuvant radiotherapy and those that did not (Fig 5) . Because biologic behaviors are significantly different between low grade and high grade (grade 2 and 3) STSs, we performed additional Kaplan-Meier survival analysis in both low grade and high grade STSs. In the subpopulation of low grade STSs, only the expression of PARP1 was significantly Statistical analysis to determine the cut-off points for the immunohistochemical staining scores of PARP1, γH2AX, BRCA1, and BRCA2. The cut-off points for the immunohistochemical staining of PARP1 (black arrow head), γH2AX (black arrow), BRCA1 (empty arrow head), and BRCA2 (empty arrow) were determined by the receiver operating characteristic curve analysis at the highest AUC (area under the curve) value for the estimation of the event of disease-specific survival of patients. Cases with scores equal to or greater than 10 for PARP1 and BRCA1 expression were considered positive. The expression of γH2AX associated with shorter DSS (Fig 6A) . However, in the subpopulation of high grade STSs, the expression of PARP1, γH2AX, BRCA1, and BRCA2 were significantly associated with shorter DSS, and the expression of γH2AX, BRCA1, and BRCA2 were significantly associated with shorter EFS (Fig 6B) . In addition, when further analysis was performed according to the histologic subtypes of STSs (Table 4) , PARP1 expression was significantly associated with shorter survival of leiomyosarcoma, myxofibrosarcoma, and adult fibrosarcoma. γH2AX-positivity was significantly associated with shorter EFS in synovial sarcoma and myxofibrosarcoma.
was considered positive when the number of γH2AX-positive cells was equal to or greater than three. The expression of BRCA2 was considered positive when the scores were equal to or greater than 11.
doi:10.1371/journal.pone.0163193.g002 BRCA1 expression was associated with shorter DSS in synovial sarcoma and shorter EFS in malignant peripheral nerve sheath tumor. BRCA2 expression was associated with shorter survival in malignant peripheral nerve sheath tumors. Because the expression of PARP1, γH2AX, BRCA1, and BRCA2 were closely associated each other (Table 2 ) and their expression predicted shorter survival of STS patients (Table 3) ; we evaluated the prognostic significance of the combined expression patterns of PARP1, γH2AX, BRCA1, and BRCA2. When we divided STSs according to the positivity for these four markers, PARP1 expression was associated with shorter DSS in the γH2AX (Table 3 and Fig 7) . The DSS rates at ten-years (10y-DSS) of the CSddrm-low, CSddrm-intermediate, and CSddrmhigh subgroups were 81%, 26%, and 0%, respectively. The EFS rates at ten-years (10y-EFS) of the CSddrm-low, the CSddrm-intermediate, and the CSddrm-high subgroups were 49%, 23%, and 0%, respectively (Fig 7) .
The expression of PARP1, γH2AX, and BRCA2, and PARP1/γH2AX/ BRCA1/BRCA2 expression pattern predicted shorter survival of STS patients by multivariate analysis
Multivariate analysis was performed with the factors significantly associated with DSS and/or EFS by univariate analysis. However, tumor differentiation, tumor necrosis, and depth of tumor were not included in multivariate analysis because these factors are a part of the WHO/ FNCLCC tumor grade and tumor stage (Table 6 ). Among the 112 cases of STSs, age of patients, tumor stage, PARP1 expression, γH2AX-positivity, and CSddrm were independent prognostic predictor for both DSS and EFS (Table 6 ). The expression of PARP1 predicted a 3.181-fold greater risk of death and a 1.769-fold greater risk of relapse or death. Positive γH2AX expression predicted a 2.653-fold greater risk of death and a 2.061-fold greater risk of shorter EFS. The expression of BRCA2 was an independent predictor of shorter DSS. 
Discussion
Most chemotherapeutic regimens and radiation therapy, the most common treatments for human cancers, induce DNA damage and then damaged cancer cells undergo apoptosis when the damage is not repairable. However, if the damage induced by genotoxic therapeutic modalities is repaired by DDR molecules, the cancer cells survive [1, 3, 6] . Therefore, despite the tumor suppressive roles of the DDR molecules in repairing DNA damage to prevent the Expression of DNA Damage Response Molecules PARP1, γH2AX, BRCA1, and BRCA2 in Soft Tissue Sarcomas mutations needed for tumorigenesis, their expression might also result in the failure of firstline anti-cancer therapies [44] . Consistent with these reports, our results have demonstrated that the expression of DDR molecules PARP1, γH2AX, BRCA1, and BRCA2 were closely associated with each other and their expressions correlated with advanced clinicopathological factors, such as higher tumor stage, distant metastasis, and higher histologic grade. Especially, the expression of PARP1 and γH2AX were independent indicators of poor prognosis of both DSS Expression of DNA Damage Response Molecules PARP1, γH2AX, BRCA1, and BRCA2 in Soft Tissue Sarcomas and EFS of STS patients. In agreement with our results, it has been reported that the expression of PARP1 is associated with the progression of various human malignant tumors, such as gastric cancer [15] , breast cancer [17] , ovarian cancer [18] , glioblastoma [19] , and chordoma [45] . Among STSs, increased expression of PARP1 has been reported in Ewing sarcoma and the expression of PARP1 was upregulated by EWS-FLI1 fusion protein [46, 47] . In addition, our results demonstrated that the expression of PARP1 and γH2AX are significantly associated Expression of DNA Damage Response Molecules PARP1, γH2AX, BRCA1, and BRCA2 in Soft Tissue Sarcomas with shorter survival in the subpopulation of STS patients who received adjuvant chemotherapy and radiotherapy. These findings suggest that PARP1 and γH2AX might be involved in chemo-and radio-resistance. In agreement with this, a recent report has shown PARP1-mediated chemoresistance is associated with c-Myc mediated suppression of BIN1 [10] . However, even in the patients who did not received adjuvant chemotherapy or radiotherapy, the expression of PARP1 and γH2AX are significantly associated with shorter survival of STS patients (Figs 4 and 5) . These findings suggest that therapy targeted at the PARP1/γH2AX pathway might be helpful for the treatment of STS patients because PARP1/γH2AX expression affects the survival of both STS patients who received adjuvant therapy and those that did not. In agreement with these findings, various PARP1 inhibitors have been shown to have anticancer effects in human cancers, including STS. Especially, suppression of PARP1 inhibited gastric cancer cells by inducing tumor suppressor FOXO3A [15] . Recently, the use of PARP1 inhibitors alone or in combination with other chemotherapeutic agents showed anti-tumor activity in rhabdomyosarcoma [32] , malignant peripheral nerve sheath tumors [31] and Ewing sarcoma cells [24, 36, 37] . Therefore, when considering that the expression of PARP1 is very predictive in the prognosis of STS patients, a combination of PARP1 inhibitor and genotoxic cancer therapeutic modalities might be effective in the treatment of STS patients. If a DNA SSB is not repairable and progresses to a DNA DSBs, H2AX becomes phosphorylated and recruits BRCA1/2, which is important for the repair of DNA DSBs. Therefore, the expression of γH2AX has been used as a sensitive marker of DNA DSBs [3, 5, 6, 44, 48] . However, paradoxically, the phosphorylation of H2AX during cancer therapy could confer a survival benefit to cancer cells [3, 6] . This study also showed that the expression of γH2AX was significantly associated with the expression of PARP1, BRCA1, and BRCA2 and an increased number of γH2AX foci, which were independent indicators of poor prognosis of STS patients. Consistent with our results, higher expression of endogenous γH2AX in various cancer cell lines, including fibrosarcoma and osteosarcoma cells, have been reported [49] . In addition, increased numbers of γH2AX expression foci was significantly associated with shorter survival of breast carcinoma [13, 14] , endometrial carcinoma [21] , and non-small cell lung cancer [50] . In prostatic cancer, higher expression of γH2AX was associated with chemoresistance by inducing G2/M arrest in cancer stem-like cells [51] . Thus, higher expression of γH2AX might be useful for the prediction of survival of STS patients and potentially a therapeutic target for STS patients [4, 6, 49] . A defects in BRCA1/2 is one of the important causes of cancer development, especially of breast and ovarian carcinomas [7] [8] [9] . The risk of breast cancer by the age of 70 years has been reported as 57%-65% when there was BRCA1 mutation and 45%-49% when there was BRCA2 mutation [7, 8] . The risk of ovarian carcinoma at 70 years old was reported as 39% and 11% with BRCA1 and BRCA2 mutation, respectively [7] . However, the study for the BRCA-ness of STS is limited. One study has shown that 29% (25 of 85) of human uterine leiomyosarcomas are negative for BRCA1 immunohistochemical staining [12] . A search of the cBioPortal public database indicated that genetic alteration (mutation, deletion, or amplification) of BRCA1 was seen in 0.5%-1% (1/207-2/240 cases) of STS and genetic alteration of BRCA2 was seen in 3%-6% (6/207-14/240 cases) of STS [52, 53] . In addition, the Oncomine public database (search condition; P < 0.001, gene ranked in top 10%) indicated that higher expression of BRCA1 mRNA was seen in pleomorphic liposarcoma (n = 3 and n = 23), myxofibrosarcoma (n = 31), malignant fibrous histiocytoma (n = 9), fibrosarcoma (n = 7), leiomyosarcoma (n = 6), and round cell liposarcoma (n = 4) compared with normal tissue [48] . The expression of BRCA2 mRNA was higher in dedifferentiated liposarcoma (n = 46), myxofibrosarcoma (n = 31) leiomyosarcoma (n = 26), pleomorphic liposarcoma (n = 23), and malignant fibrous histiocytoma (n = 9) compared with normal tissue [48] . In the STS cases examined in this study, 55% and 49% of STS were classified as BRCA1-negative and BRCA2-negative subgroups, respectively. When we combine the data two public data bases and our results, the genetic status of BRCA1/ 2 and expression of mRNA or protein of BRCA1/2 were inconsistent. The expression level of mRNA or protein of BRCA1/2 appeared higher despite a low incidence of genetic changes in BRCA1/2. However, the exact status of the BRCA-ness in STS is not clear due to the limited number of studies, and further study is needed. However, despite limitations for the estimation of the real functional status of BRCA1/2 in the cases of STS in this study, the expression of BRCA1 and BRCA2 were also significantly associated with progression and shorter survival of STS patients. These results are paradoxical to the tumor suppressive role of BRCA1/2 but consistent with the prognostic significance of the expression of PARP1 and γH2AX in STS. In line with the findings of this study, the expression of BRCA1/2 predicted shorter survival of breast carcinoma [14, 41] and ovarian carcinoma [16] . However, the studies based on BRCA1/2 immunostaining are limited in that the immunohistochemical expression of BRCA1/2 could not representatively reflect the genetic status of BRCA1/2. Nevertheless, a recent report has shown that immunohistochemical expression of BRCA1 could predict the genetic status of BRCA1 in ovarian carcinoma [40] . In addition, it has been reported that the expression of BRCA1 is associated with platinum-resistance in ovarian carcinomas [16, 54] and chemoresistance in breast carcinomas [14] . Therefore, although further study is needed, these results suggest that BRCA1/2 may have a role in the progression and/or response to the therapy in STS.
In our previous studies on the prognostic markers of STS, individual expression of SIRT1, deleted breast cancer 1, β-catenin, programed death 1, and PD-L1 were independent indicators of poor prognosis for STS patients [29, 30] . The present study also shows that individual expression of PARP1, γH2AX, and BRCA2 are independent prognostic indicators of STSs. Moreover, an interesting finding of this study is that combined expression patterns of PARP1, γH2AX, BRCA1, and BRCA2 (CSddrm) were very predictive of the survival of STS patients. There were no live STS patients ten years after diagnosis which had tumors with a PARP1 + / γH2AX + /BRCA1 + /BRCA2 + immunophenotype (CSddrm-high subgroup; 10-y DSS, 0%). In contrast, the DSS rate at ten-years in the CSddrm-low subgroup was 81%. Similarly, we previously reported on the prognostic significance of the combined expression patterns of the DDR molecules PARP1, γH2AX, BRCA1, and BRCA2 designated as CSbbph (combined score for the BRCA1, BRCA2, PARP1, and γH2AX) in breast carcinoma [14] . Breast carcinoma in the CSbbph-low group that corresponds to a CSddrm-low immunophenotype has a 95% 10-year rate, but the ten-year DSS rate of breast carcinoma with a BRCA1 [14] . These results suggest that the expression status of the DDR molecules PARP1, γH2AX, BRCA1, and BRCA2 are important for the prognosis of cancer patients and support the notion that these molecules might be therapeutic targets of STS. However, although we presented that the expression of PARP1, γH2AX, BRCA1, and BRCA2 are closely related with poor prognosis of STSs, this study is limited in that our cases are heterogeneous and a limited number of cases are included in each histologic subtype of STS. Therefore, further study is needed on the specific subtypes of STSs to clarify the role of DDR molecules in STSs. Especially, as we have shown in Table 4 , when considering survival data in the subgroups of leiomyosarcoma and synovial sarcoma, further study in the larger subset of these subtypes of STS might be helpful.
In conclusion, this study demonstrates that the expression of the DDR molecules PARP1, γH2AX, BRCA1, and BRCA2 might be useful as prognostic indicators for STS patients. In addition, because the expression of DDR molecules are closely associated with clinical courses of STS patients, this study suggests the possibility that controlling the activity of DDR molecules might be a new possible therapeutic stratagem for the treatment of STS patients. 
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